The intracellular and extracellular pattern of a-mannosidase (EC 3.2.1.24) activity was studied during microcyst differentiation in the cellular slime mold, Polysphondylium pallidum. The evidence suggests that microcyst differentiation requires continuous protein synthesis. a-Mannosidase activity is present in amoebae and increases with differentiation, and the data indicate that this increase in activity requires concurrent protein synthesis. The enzyme is excreted during the differentiation process, and the release of the enzyme is not stopped by cycloheximide. A cystless mutant does not show the normal intracellular pattern of a-mannosidase but does excrete the enzyme. Microcyst differentiation is proposed as an alternative system to multicellular slime mold development for the biochemical analysis of certain aspects of cellular differentiation.
The cellular slime molds are soil amoebae. Typically they undergo a developmental sequence (morphogenesis) involving many cells which aggregate and produce a multicellular fruiting body containing spores and stalk cells (3) . Under certain conditions, the amoebae of several species do not aggregate to form a multicellular mass but, instead, differentiate as individual, round microcysts (2) . Toama and Raper (15) have shown that increased osmotic pressure is the primary cause of microcyst formation. The differentiation involves changes in the cytoplasmic matrix plus the formation of a bilayered cell wall (7) , which contains cellulose, glycogen, lipids, and protein (16) . The microcysts are able to germinate, producing normal amoebae, and seem to be a second natural developmental pathway for certain species of cellular slime molds (2) . Although the ultrastructural details of microcyst formation have been clearly defined (7) , biochemical studies on this process have just begun (D. H. O'Day, in press).
Numerous enzyme activities change during multicellular slime mold development, and these biochemical changes are regulated at both transcriptional and translational levels (8, 14) . There is sufficient evidence that post-translational regulation of enzyme activity also occurs (G. Gustafson and B. E. Wright, in press; reference 18) . What is the developmental pattern of these same enzymes when the cells follow a different pathway of development? Do the same control mechanisms (transcriptive, translative, and post-translative) mediate the accumulation of certain enzymes in the same way in different developmental programs? a-Mannosidase is a lysosomal enzyme that increases dramatically in activity in the early stages of Dictyostelium discoideum morphogenesis (8) . Recent work has shown that mannose constitutes about 6% of the extracellular polysaccharide of amoebae and pseudoplasmodia of this species (6), and Loomis (8) feels that a-mannosidase may be involved in the metabolism of the extracellular polysaccharide. The results reported here show that a-mannosidase activity is present in Polysphondylium pallidum amoebae and that this activity, which requires coincident protein synthesis, increases during microcyst formation. The enzyme is also excreted from the cells during differentiation. Microcyst differentiation is proposed as an alternative system for the analysis of the controls of biochemical differentiation in the cellular slime molds. a-MANNOSIDASE IN POLYSPHONDYLIUM PALLIDUM plates. Flasks containing autoclaved E. coli B/r (109 bacteria per ml) in 100 ml of sterile 10 mm potassium phosphate buffer (pH 6.5) were inoculated with spores from the stock plates and shaken at 22 to 23 C for 3 days on a rotary shaker (6). The vegetative amoebae were then harvested by centrifugation, resuspended in fresh phosphate buffer in flasks, and shaken overnight for the consumption of remaining bacteria.
The amoebae were again washed in fresh buffer and induced to form microcysts by resuspending about 1 x 107 amoebae per ml in 0.2 M sucrose in the phosphate buffer (6) , which is hereafter also referred to as encystment medium. Samples were removed at 1-hr intervals and examined with phase microscopy for the presence of cysts.
A mutant strain of P. pallidum WS-320 was also studied. The mutant, called strain NG-6, was isolated by David Francis after treatment of P. pallidum cells with N-methyl-N'-nitro-N-nitrosoguanidine. It was indicated that this mutant strain was a cystless and aggregateless mutant. When used, strain NG-6 was treated exactly as described for the normal (WS-320) strain.
Harvesting of samples and addition of cycloheximide. At certain intervals, 2.0-ml samples were removed from the encystment cultures by using sterile technique. The cells were concentrated by centrifugation for 5 min at 3,000 rev/min in an International (model HN-S, catalogue no. 809 Head) centrifuge and resuspended in 1.0 ml of sterile distilled water. Both the supernatant fluid (when saved for assay) and cell samples were frozen and stored at -20 C for assay at a later date.
Cycloheximide (200 Mg/ml, final concentration) was added in solution to the encystment cultures at certain intervals through a sterile membrane filter (Millipore Corp., 0.45 1sm pore size). These cultures were then treated in the same manner as the controls.
a-Mannosidase assay. The cell samples for assay were thawed and subjected to 2 min of sonic treatment on a Bronwill sonifier while being kept cold in an ice water bath. The supernatant samples were thawed and assayed directly. The assays were performed on the crude extracts or supernatant fluids in 5 x 10-3 M acetate buffer (pH 5.0) containing 1 x 10-2 M p-nitrophenyla-mannoside, at 37 C. The enzyme assays were initiated with sample and stopped after 30 min with two volumes of 1 M Na,CO,. The release of p-nitrophenol was monitored at 420 nm. The protein content of the samples was determined by the method of Lowry et al. (9) by using bovine serum albumin as a standard. Specific activity was defined as units per milligram of protein where 1 unit of enzyme activity will liberate 1 gmole of p-nitrophenol per minute.
Acrylamide gel electrophoresis. Crude extract samples in 10% sucrose were layered directly on the surface of a 5-cm 5% acrylamide gel. Sample and stacking gels (5) were not employed. The chamber buffer was 0.1 M sodium phosphate buffer (pH 7.2), and the gels contained 0.05 M sodium phosphate buffer (pH 7.2). Electrophoresis was carried out for 150 min at 5 ma per gel at 3 to 4 C. After electrophoresis, the gels were sliced to 2-mm sections. The gel slices were assayed for a-mannosidase activity in 0.5 ml of 0.15 M sodium acetate buffer (pH 5.0) containing 5 x 10-M p-nitrophenyl-a-mannoside. After 60 min, the reaction was stopped and the color was developed with 2.5 ml of 1.0 M Na,CO,. The released paranitrophenol was determined at 420 nm as described.
RESULTS
Microcyst formation. Under phase contrast microscopy, the first changes evident in the P. pallidum cells occur within an hour after placing them in the sucrose-buffer solution. At this time the cytoplasm changes from gray to silver in color. As time progresses the cells round up and by 6 hr a fibrillar texture at the cell surface is detectable. By 7 hr some of the amoebae have definite birefringent cell walls and can be identified as true microcysts, although it is evident that changes in the cell wall of these cells continue for several hours (7). The majority of microcysts become differentiated within the interval of 7 and 14 hr (Fig. 1 ). This is in agreement with previous work by Hohl, MiruaSanto, and Cotter (7 VOL. 113, 1973 When the mutant strain NG-6 is placed in the encystment medium, the above-mentioned changes do not occur. The cells all retain their grayish cytoplasm, and, although 2% of the population round up by 28 hr, no birefringent cell wall is evident for these cells. Strain NG-6, then, is a true cystless mutant.
When cycloheximide (200 or 400 ,ug/ml) is added to the encystment medium before any microcysts become evident (0 through 6 hr), then no microcysts differentiate (Fig. 1) . Addition of cycloheximide at later intervals (8, 10, 12 hr) stops further microcyst production after a short interval. It seems that continuous protein synthesis may be essential for microcyst formation. In preliminary experiments the reversibility of the cycloheximide inhibition was demonstrated. Amoebae which had been in the encystment medium in the presence of cycloheximide for 28 hr were placed in fresh medium without cycloheximide. The next day, 98% of the amoebae had encysted.
Characteristics of the enzyme reaction. The a-mannosidase activity possesses very similar characteristics to that described for another slime mold species, D. discoideum (8) . The enzyme reaction is linear for at least 90 min when 5 to 10 units of enzyme activity per ml is present. The reaction is also linear with enzyme dilution in the range of 5 to 50 ytg of protein per ml. The Km of the enzyme from crude extracts of 11-hr samples (approximately 50% microcysts) is 1.0 x 10-s M. The pH optimum is 5.0. The enzyme also appears to be stable for many weeks under the storage conditions noted.
Kinetics of accumulation of intracellular a-mannosidase. P. pallidum amoebae (0 hr) have relatively high levels of a-mannosidase, and this level remains unchanged during the first few hours after the amoebae are placed in the encystment medium (Fig. 2 ). By 6 hr the level of a-mannosidase specific activity begins to increase to reach a maximum of about 32 units per mg of protein by 10 hr of development. The specific activity then begins to drop quickly. At least part of this decrease is due to release of the enzyme from the differentiating cells.
Cycloheximide preferentially inhibits protein synthesis in slime mold cells (10, 13) . If protein synthesis is stopped from zero time by addition of cycloheximide, no accumulation of a-mannosidase occurs (Fig. 3) . When added at later times (3 and 6 hr,, the a-mannosidase activity increases but does not reach the maximal control level. Cycloheximide added at 9 hr does not significantly inhibit the normal accumula- tion ofa-mannosidase specific activity. Thus it seems that the increase in enzyme activity requires coincident protein synthesis for its occurrence, and synthesis of the a-mannosidase enzyme is completed by 9 to 10 hr.
Kinetics of extracellular a-mannosidase accumulation. After a few-hour lag phase, large amounts of a-mannosidase are released into the medium (Fig. 4) . Comparatively, very little enzyme is excreted after 14 hr, indicating that the major loss of intracellular a-mannosidase after this time may be due to protein catabolism. The maximal enzyme released equals 50 units per mg of protein.
The rate of loss of enzyme activity from cycloheximide-treated cells is less than for the controls (Fig. 3) . This is not due to inhibition of 8 16 (9 hr) in the differentiation process (Fig. 5) . Thus, the most likely explanation for these maintained high levels of a-mannosidase activity is that cycloheximide is interfering with enzyme degradation to some degree.
Electrophoresis of a-mannosidase activity. Polyacrylamide gel electrophoresis of cell extracts from two developmental stages (2 hr and 10 hr) indicates only one band of a-man-HOURS FIG. 4 . Pattern of appearance of a-mannosidase activity in the encystment medium during microcyst differentiation. Samples were harvested at 2-hr intervals, centrifuged to pellet the whole cells, and the supernatant fluid was frozen for the assay ofa-mannosidase activity and protein content at a later date as described in the Materials and Methods. nosidase enzyme activity (Fig. 6) . Thus, the increase in activity during development is due to the synthesis of this one component.
Enzyme accumulation in a cystless mutant (NG-6). Mutant strain NG-6 of P. pallidum does not undergo any morphological change, obvious by phase microscopy, when placed in the encystment medium. Mutant cells harvested from the encystment culture possess high levels of a-mannosidase activity (around 65 units per mg of protein) which undergoes little change for the first 6 hr (Fig. 7) . After 6 hr the activity within the cells decreases in a linear fashion at least up to 28 hr. There is no enzyme released from the cells for the first 6 hr but, after this period, a-mannosidase activity appears in the medium (Fig. 7) . The trend of extracellular a-mannosidase accumulation resembles that of normal cells, except that about twice as much activity is released from the mutant cells. Electrophoretic separation of a-mannosidase activity on 5% polyacrylamide gels. Crude cell extracts of 2-hr (A) and 10-hr (-) samples in 10% sucrose were layered on 5-cm gels and run as described in Materials and Methods. seems to require continuous protein synthesis. Cycloheximide, which preferentially inhibits protein synthesis in slime mold cells (10, 13) , inhibits continued production of microcysts whenever it is added to the slime mold cells. Morphogenesis also requires protein synthesis, although once culmination has begun the inhibition of protein synthesis no longer stops fruiting body formation (10, 13) .
The amoebae of P. pallidum contain a-mannosidase activity, and this activity increases during microcyst formation. The increase in activity is cycloheximide sensitive, indicating that synthesis of the enzyme is responsible for this increase. Loomis (8) has shown thata-mannosidase also increases during morphogenesis in D. discoideum. The increase is more dramatic and also requires concomitant protein synthesis (8) . The (6) to consist of N-acetylglucosamine (70%), fucose (24%), and mannose (6%), the polysaccharide nature of the microcyst wall has not been investigated in as much detail (16) . Until the components of the microcyst wall are fully identified and the function of the above-mentioned enzymes are known, further speculation on the function of the extracellular enzymes is useless. Enzyme excretion also occurs in Tetrahymena but, again, the function is unknown (11) .
Mutant NG-6 is a true cystless mutant. These cells do not differentiate into microcysts when placed in the encystment medium, and the a-mannosidase activity does not increase. Thus the increase in the a-mannosidase activity seems to be dependent on 
